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Fundamental solid state physics phenomena typically occur at very low temperatures, requiring liquid he-
lium cooling in experimental studies. Transmission electron microscopy is a well-established characterization
method, which allows probing crucial materials properties down to nanometer and even atomic resolution. Due
to the limited space in the object plane, however, suitable liquid-helium cooling is very challenging. To over-
come this limitation, resolving power was sacrificed in our Dresden in-situ (S)TEM special, resulting in more
than 60 mm usable experimental space in all directions with the specimen in the center. With the installation
of a continuous-flow liquid-helium cryostat, any temperature between 6.5 K and 400 K can be set precisely and
kept for days. The information limit of the Dresden in-situ (S)TEM special is about 5 nm. It is shown that
the resolution of the Dresden in-situ (S)TEM special is currently not limited by aberrations, but by external
instabilities, that are currently addressed.
I. INTRODUCTION
Transmission electron microscopy (TEM) in its various
flavours including scanning TEM (STEM) and electron holo-
graphy is a well-established characterization technique, which
allows to resolve the local structure, chemical composition, as
well as static and dynamic electromagnetic fields within solids
down to atomic length scales.1–8 Consequently, (S)TEM is
ubiquitous in materials science, chemistry, and life sciences.
For its application in condensed matter physics, however,
liquid helium (lHe) cooling of the sample inside the transmis-
sion electron microscope is often mandatory because funda-
mental solid-state effects, such as superconductivity, quantum
hall effect, charge density waves, or frustrated magnetism are
suppressed by thermal fluctuations at elevated temperatures.9
Moreover, secondary radiation damage effects originating
from radiolysis are reduced when cooling the sample, provid-
ing a strong impetus for the implementation of sample cooling
into TEM of biological materials.10,11 Mainly because of the
stabilisation of shock-frozen biological samples, TEM at low
sample temperatures has been actively developed for a couple
of decades. One milestone in that development was the intro-
duction of superconducting magnetic coils by the cooling of
the whole objective lens including the pole pieces surround-
ing the specimen.12,13 Due to the enormous technological and
development efforts including large running costs, supercon-
ducting objective lenses were eventually abandoned in favour
of more flexible and cheaper lHe sample holders, only cooling
at the very tip of the holder containing the specimen. How-
ever, the small distance between the objective lens pole pieces
severely hampers the installation of a vibration-free and long-
time stable lHe cryostat. Practically, current designs allow
cooling times in the order of one hour only and generally suf-
fer from drift and mechanical stability issues.14
Here, we report on the Dresden in-situ (S)TEM special,
where we replaced a whole section of the original micro-
scope column — formerly including the objective lens pole
pieces and the sample stage — by a large experimental cham-
ber. Nanometer spatial resolution is maintained by employing
(S)TEM hardware aberration correction. Into the experimen-
tal chamber, we fitted a continuous-flow lHe cryostat, through
which any temperature between 6.5 K and 400 K can be set
precisely and kept for days. We discuss the performance of
the microscope including the cryostat.
II. OUTLINE OF THE DRESDEN IN-SITU (S)TEM
SPECIAL
The general idea behind the Dresden in-situ (S)TEM spe-
cial is to provide all capabilities of (S)TEM methods to a com-
parably large experimental space for complex in-situ experi-
ments compromising spatial resolving power.15,16 For conve-
nience, the experimental space should be accessible from sev-
eral large ports that bear standard vacuum flanges.
The first plug-in to the Dresden in-situ (S)TEM special is
a cryostat that fulfills the demands for solid-state physics ex-
periments, namely, a base temperature below 10 K, precise
temperature control in a wide temperature range, temperature
stability over several hours, drift and vibration levels below
image resolution, no drift induced by temperature change, at
least four cooled electrical feedthroughs for transport mea-
surements, and optional incorporation of at least two mobile
electrical probers. Of course, the cryostat must not disturb the
operation of the microscope; one of the challenges here is that
the cold sample has to be movable in all spatial directions with
sufficiently small step resolution and additionally, one needs
a small sample tilting capability to be able to avoid dynamic
contrast in electron holographic imaging modes.
The basis for the Dresden in-situ (S)TEM special is a
JEOL JEM-2010F retrofitted with CEOS probe and image-
side aberration correctors, a fiber-coupled CCD camera, and a
digital scan generator.17 Additional non-standard attachments
include a secondary electron detector and a Mo¨llenstedt-
Du¨ker bi-prism. The fully operational Dresden in-situ
(S)TEM special is shown in figure 1.
A. Optical setup
In terms of electron optics, the most pervasive modification
to the Dresden in-situ (S)TEM special is the effective removal
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2FIG. 1. Photograph of the Dresden in-situ (S)TEM special with the
cryostat in operation.
of the objective lens,15 thereby expanding the space around
the specimen for installing various instrumentation.
For TEM imaging, we use the first transfer doublet of the
image-side hexapole-type aberration corrector as the main
image-forming lens. As we do not alter the geometry of the
setup, the working distance increases from 1 mm to about
60 mm, enlarging the chromatic and geometric aberrations
equivalently, with the latter ones largely compensated by the
corrector. The attainable resolution and magnification in this
so-called “pseudo-Lorentz” mode18,19 are decreased by ap-
proximately one order of magnitude (see ref. 15 for a detailed
assessment of the optical performance immediately after the
removal of the pole pieces), which is suitable for medium res-
olution imaging.
Of course, after the objective lens removal all imaging
modes have to be reconfigured because the optical planes be-
hind the sample are shifted with respect to the conventional
modes. Especially, the corrector is not operated in standard
mode, because of the use of the first telescopic transfer lens
doublet as objective lens substitute. Here, the back focal
plane of the new objective lens does not coincide with the
first and second hexapole plane, and the ray paths are not
(anti)symmetric with respect to the mid-plane of the correc-
tor (as in the standard mode, see figure 2).21
A practical consequence of this new alignment is, that the
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FIG. 2. Schematic ray paths for the standard (dashed lines) and
pseudo-Lorentz (solid lines) operation mode of the hexapole cor-
rector. The transfer lenses (TL) and the main correction hexapoles
(HP) are indicated on the right side, the other adjustment elements
on the left. The underlying figure is a reproduction from reference
20, where also the remaining abbreviations are explained.
defocus is now controlled with the help of TL12 lens in
the corrector. Also, the third-order spherical aberration is
changed by directly accessing the main correction elements
HP1 and HP2 via changing their excitation strength in par-
allel. Generally, besides the third-order spherical aberration,
only the second order aberrations are corrected, since the
higher order aberrations do not influence the imaging in this
mode. The correction procedures for the first- and second-
order aberrations are similar to the standard routines.
The aforementioned reduction of the magnification in po-
sitions space leads to an increased magnification in diffrac-
tion mode, i. e., an increase in camera length. This increase
in camera length can be problematic for the recording of large
diffraction patterns, e. g., to determine the orientation or sym-
metry of the sample. A remedy consists of using the correc-
tor’s adapter optics for further post-magnification of the image
to decrease the size of the diffraction pattern.
The TEM “parallel” illumination, normally formed by the
condenser system in conjunction with the objective lens pre-
field, is now provided with the help of the condenser-mini
lens. For a proper operation of the aberration corrector, a cer-
tain beam tilt capability is necessary, because the geometrical
aberrations to be corrected have to be measured first by means
of a Zemlin tilt-tableau. In our setup we achieve a maximum
tilt angle of 10 mrad. Zemlin tableaus recorded for aberra-
tion determination in high-resolution (S)TEM, normally con-
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FIG. 3. Photograph of the new specimen chamber for the Dresden
in-situ (S)TEM special in a test setup, viewing from the top along
the optical axis. All radial ports are fitted with standard ISO-K 63
flanges with an inner diameter of 63 mm except the one in 6-o’clock
direction that is the flange for the ion getter pump of the original mi-
croscope. The thin permalloy layer shields against external magnetic
stray fields.
tain tilt angles of 20 mrad and higher, however, due to the op-
tical constraints in pseudo-Lorentz mode, 10 mrad is more
than enough. We also tested an illumination setup, where the
complete probe corrector including the condenser-mini lens
was switched off and the last active optical element before
the sample was the second condenser lens, residing approxi-
mately 0.4 m above the sample plane. Here, the maximum tilt
of ∼ 5 mrad was at the border of being usable for an aberra-
tion measurement. Note, however, that this is no fundamental
optical limitation but only due to the use of an optical setup
that was not designed for this operation.
In spite of focussing on conventional TEM here, we also
note that a pseudo-Lorentz STEM mode has been aligned,
making use of the reciprocity principle. Accordingly, the
setup of the STEM corrector is very similar to that of the TEM
corrector with the ray paths inverted. All TEM and STEM
alignments were carried out for a primary electron accelera-
tion voltage of 200 kV as well as 80 kV.
B. The experiment chamber
To fully exploit the experimental space gained from remov-
ing the objective lens’ pole pieces, a new specimen chamber
has been designed (cf. figure 3). It features five ports equipped
with standard ISO-K 63 vacuum flanges, to ensure that var-
ious instrumentation for in-situ experiments can be adopted
easily. Three of these ports are oriented in 90° angles towards
each other (that is, two of them offer a straight line through
the column crossing the electron beam path) and the remain-
ing two in odd angles in order to maximise the number of
ports and because of the connection geometry to the original
microscope column. A dedicated sixth port is designed to fit
to the ion getter pump of the original microscope. The speci-
men chamber provides usable space of 70 mm along the opti-
cal axis due to the geometry of the original microscope. The
space usable for experiments is effectively dictated by the full
width of the access flanges that is 63 mm.
To compensate for the reduced magnetic shielding due to
removal of soft magnetic pole pieces as well as the yoke of the
original specimen chamber, the new chamber is surrounded by
a 1.5 mm thick permalloy shield. The shield was designed to
reach the maximum shielding possible without blocking the
access ports. An estimated shielding factor on the optical
axis of about 40 with respect to external fields penetrating the
chamber parallel to the sample plane could be achieved. Note,
however, that it is difficult to assess impact of the fields emerg-
ing from the interrupted yoke of the objective lens, which
may also disturb the beam paths. Shielding against external
magnetic fields is particularly important in the Dresden in-
situ (S)TEM special, because of the long working distance
of the imaging lens. The penetrating stray fields lead to an
image spread reducing the spatial resolution,22 which will be
discussed in detail further below.
In the design phase of the specimen chamber, we decided
against the incorporation of valves separating the microscope
column vacuum from the sample chamber. The two main
reasons were the space such valves would have required and
the technical complexity of possible solutions, not mention-
ing the costs. Since the new specimen chamber has no air-
lock, each change of the specimen requires the whole micro-
scope column to be vented and evacuated again. While the
vacuum system of the original microscope would be capable
of handling the evacuation, it would take inconveniently long
times and would quickly wear the ion getter pumps. There-
fore, a cascade of two serially connected turbo molecular
pumps and a rotary vane pump are connected in parallel to the
specimen chamber to speed up the evacuation process. This
turbo molecular pump cascade is separated from the specimen
chamber by a full-width gate valve that can be operated inde-
pendently from the microscopes vacuum system. Depending
on the installed holder and its previous treatment this pump
cascade makes it possible to change the specimen in about
1 hour. The whole second pump cascade including the gate
valve is set up computer-controllable and thus, is fully au-
tomatable.
C. The automatisation hub
Because in multi-stimuli in-situ experiments many in-
stances have to be controlled simultaneously, centralised au-
tomatisation of the whole setup is mandatory. We face a wide
range of instruments to be controlled with a similarly wide
range of connection types and protocols. Therefore, the elec-
tronics workshop of the IFW Dresden developed an ethernet-
based system with modular hardware connection converters.
The whole system is laid out to be able to monitor and steer ar-
bitrary hardware attached in real time and record a wide range
4FIG. 4. Photograph of the sample stage.
of data.
These measures also ensure that the data obtained can be
correlated correctly afterwards.
D. The stage
To enable the sample movement in transmission electron
microscopes, remote stages are used exclusively. Moreover,
standard TEM stages are equipped with an air lock to reduce
the specimen transfer times. Constructing a comparable stage
that offers a clear diameter in the magnitude that is meaning-
ful for the task would be a huge technological challenge by
itself and result in a very bulky and expensive device. The
basic demands for a stage include, for instance, a clear beam
path in all positions, a step width in the order of the resolving
power of the instrument, a total travel distance in the order
of millimeters, travel in all three space directions, and at least
a small sample tilting capability in order to prevent dynamic
conditions.
Because of the estimated efforts and costs of a conventional
remote stage development, we decided to use an internal stage
with a very small footprint that can be transferred to any new
experimental setup. Here, additional demands are operation
in all orientations (hanging, vertical, . . . ), being non-magnetic
and vacuum compatible.
Our solution consists of a customised version of the LT3310
substage manufactured by Kleindiek Nanotechnik GmbH.23
The basic stage offers lateral movement of 10 mm in both di-
rections with a nominal resolution of 0.25 nm with a drift of
1 nm/min. The mobile stage plate offers a square hole with
12.5 mm side length that is completely free in vertical direc-
tion in every position of lateral movement. The motors driving
the movement are piezo based linear motors with the rough
movement using a slip–stick mechanism and the whole de-
vice is non-magnetic and high vacuum compatible. The load
capability in any position and orientation is 25 g.
As a custom design, the whole device is mounted on a base
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FIG. 5. The cryostat plug-in for the Dresden in-situ (S)TEM special
with the crucial parts indicated. (a) Photograph in the as-delivered
state, (b) inner layout with both radiation shields unmounted.
plate with a vertical linear piezo motor on each of the four
corners offering 3 mm total travel distance in the vertical di-
mension. Every motor is controllable individually. Also, the
rooting of the motors is designed slightly flexible. Together,
both design details allow to tilt the sample slightly in any di-
rection. The base area of the whole stage is 33× 40 mm2, as
can be seen in figure 4.
The stage offers as an extra feature four electrical
feedthroughs, where the terminal contacts are moved with the
stage.
E. The cryostat
The cryostat plug-in for the Dresden in-situ (S)TEM spe-
cial consists of four major parts: A standard, off-the-shelf
continuous-flow cold-finger cryostat, model KONTI from
CryoVac GmbH, a mechanical support frame, the portable
sample stage described in the section above, and the stage-
isolated movable cold sample mount. The complete plug-in is
shown in figure 5(a).
The commercial cold-finger cryostat features an efficient
heat exchanger providing constant lHe temperature with very
low lHe consumption when cold. Continuous cooling below
10 K for five days is possible if necessary using a full 100 l
lHe vessel. (If one needs longer cold standing time and does
not require very low temperatures, the cryostat can be oper-
ated with liquid nitrogen as well.) Additionally, a second heat
5exchanger uses the exhaust He gas to cool the radiation shields
to ∼ 20 K. The cryostat is steered by a proportional-integral-
derivative controller, model CryoVac TIC 500, with several
temperature sensor inputs and heating outputs. With the con-
troller, the system is not only automated but also completely
computer-controllable.
The actual sample resides in a ring-shaped sample mount
that is thermally connected to the cold finger by a copper
braid, see figure 5(b). Both, the ring shape and the braid con-
nection are to prevent thermal-expansion-induced sample drift
and also to decouple the sample from the vibrations of the
heat exchanger. Attached to the copper braid socket on the
sample mount side is a comb with four attachment points for
electrical leads. Inside the ring-shaped sample mount, at the
nearest feasible point to the sample, is a resistive heating and
a temperature sensor. The sample mount resides in an isolat-
ing Vespel labyrinth-pot (the brown ring around the golden-
coloured sample mount in figure 5(b)) on a disk that is ther-
mally connected to the exhaust-gas-cooled radiation shield
and that can bear an optional second intermediate cooled ra-
diation shield (not mounted in the figure). The whole circular
construction is mounted on the stage described above isolated
by another double-walled tube-shaped Vespel labyrinth, be-
cause the stage is always at room temperature. Therefore, the
stage itself is also outside the large cooled radiation shield and
the Vespel tube leads through a hole in this shield moving the
sample mount inside.
The whole cryostat including the radiation shield is held
by a massive steel frame with the mount point far away from
the sample position to dampen any vibrations induced by the
helium flow. The stage resides on the frame carrying just the
thermally isolated sample mount that is not touching the radia-
tion shield. Additionally, the frame features two free standard
ISO-K 63 vacuum flanges that can be used, e. g., for auxiliary
feedthroughs.
Conceptually, the cryostat has two operation mode config-
urations, a lowest-base-temperature mode with both radiation
shields mounted and an easy-access mode with only a clamp-
ring instead of the inner radiation shield. In the latter config-
uration, the sample resides on a flat cold surface that can be
accessed from every direction of the top half-sphere. Also,
the space in the frame is planned in a way that it can host two
independent mobile electrical probers if one does not mount
the larger radiation shield lid. Of course, the achievable base
temperature will be compromised by thermal radiation in this
configuration.
In full operation, the cryostat plug-in does introduce only
little mechanical drift or vibration to the sample, judged in
the order of the optical resolving power of the microscope,
also not upon temperature change. The image resolution is
the same in the warm state, all connectors removed, and in
the cold state with helium flow. Also, the use of the resistive
heating has no detectable effect on the imaging.
The base temperature at the sample mount achievable in the
fully shielded configuration is 6.5 K (20 K in the easy access
configuration). The maximum sample temperature that can
be safely installed is 400 K. In the low-temperature regime,
the temperature stabilisation time after a temperature set-point
100 nm
(a)
5 nm
0.2 nm–1
(b)
FIG. 6. Image of a catalase crystal taken at 200 kV electron acceler-
ation voltage. The images were taken at a specimen temperature of
6.5 K.
change is less than one minute. The temperature stability is
much better than 0.01 K in the fully shielded configuration
and better than 0.05 K in the easy access configuration.
Finally, the very local temperature of the sample at the ob-
served region can significantly differ from the installed tem-
perature due to local beam heating effects depending on the
sample material and geometry.
III. ELECTRON OPTICAL PERFORMANCE
In order to characterize the optical performance of the TEM
we took two separate complementary approaches. First, we
measured the resolving power with the help of a suitable crys-
talline sample with a large lattice constant. Second, we mea-
sured all relevant aberrations, calculated the thus achievable
information limit and compare it to the former result.
A. Imaging resolution test
An estimate of the microscope’s information limit can be
obtained from imaging a suitable test sample. We use catalase
because of its large lattice constants that yields signals in the
image’s Fourier transform at 0.114 nm−1 and 0.146 nm−1 for
intrinsic calibration. An actual image taken at a sample tem-
perature of 6.5 K with 200 kV electron acceleration voltage is
shown in figure 6. The signals in the Fourier transform ex-
tend to a spatial frequency of 0.2 nm−1, thus, the information
limit of the Dresden in-situ (S)TEM special with the cryo-
stat plug-in at 200 kV electron acceleration voltage is 5 nm.
The image resolution is isotropic. Also, the image acquisi-
tion time was set to 8 s, in order to show that there is no drift.
Images taken with the same configuration but at room tem-
perature with all connections taken off the cryostat plug-in
show the same imaging characteristics, excluding mechanical
vibrations influencing the resolving power. The systematic re-
flections that occur in the Fourier transform can not stem from
nonlinear contrast transfer because they are of first order, i. e.,
not a combination of lower-order reflections. Therefore, the
information limit given here is not over-estimated due to non-
linear contrast transfer.
6TABLE I. Aberrations measured for the Dresden in-situ (S)TEM spe-
cial after hardware aberration correction.
aberration type at 200 kV / mm at 80 kV / mm
two-fold astigmatism 0.0 (0.0) 0.0 (0.0)
three-fold astigmatism 0.0 (0.6) 0.4 (0.3)
second-order axial coma 0.2 (0.5) 0.0 (0.2)
third-order spherical aberration 46 (126) 56 (105)
chromatic aberration 184 (2) 129 (1)
With a test frame holding just the sample stage without the
cryostat, an image resolution better than 3 nm could be ob-
tained. Therefore, the cryostat plug-in has an influence on the
imaging performance that is not due to mechanical vibrations.
B. Lens aberrations and information limit
The determination of the geometric aberrations in TEM
mode was done with the standard Zemlin tableau method us-
ing the CEOS corrector software. Due to the general opti-
cal properties of the pseudo-Lorentz mode, a determination of
the geometric aberrations only up to the second order and the
third-order spherical aberration and astigmatism is possible.
Using the manual correction, third-order spherical aberration
values of a few tens of millimeters are achievable, compared
to values in the range of ten meters in the uncorrected state.
The determination of the first order chromatic aberration
coefficient Cc is based on its definition via the relation of the
defocus change ∆C1 to a change of the electron acceleration
voltage ∆U/U :
∆C1 =Cc
∆U
U
. (1)
Here, the electron acceleration voltage was changed over a
range of 1 kV in 0.1 kV steps and the induced defocus change
was measured with the help of the Thon ring fit routine of
the corrector software. A linear fit of the measurement results
yielded the chromatic aberration coefficient. All aberration
values measured are listed in table I.
Using the measured aberration values in combination with
the electron source characteristics, the spatial coherence and
the temporal coherence dampening envelope function can be
calculated. Other dampening envelope functions might be
generated by electro-magnetic stray fields and mechanical vi-
brations. The product of all dampening envelope functions
yields the optical information limit and thus, the ultimate re-
solving power of the instrument.24
The spatial coherence dampening envelope has the form
Es(q) = e−
1
2 (
2pi
λ σα ∇χ)
2
, (2)
∇χ =C1(λq)+C3(λq)3 +C5(λq)5 + . . . ,
with λ the electron wavelength, σα the illumination semi-
angle distribution, χ the aberration function, Ci the round ge-
ometric aberration coefficients (C1 being the defocus), and
(λq) the scattering angle. Here, we are taking in account
“shifted”
object
object
image
B
⊗⊗
⊗⊗
TL11
FIG. 7. Scheme for the origin of the image shift induced by magnetic
fields between object and the imaging lens. Accordingly, a common
parabolic deflection (black) of the original beams (red) due to a (cor-
related) magnetic field leads to a shifted image (indicated by blue
rays when referred back to the object plane), and hence an image
spread, when integrated over random magnetic fields oscillations.
only the round geometric aberrations Ci up to the third order.
Correspondingly, an approximation of the temporal coherence
dampening envelope function has the form
Et(q) = e
− 12
(
2pi
λ σfs
∂χ
∂C1
)2
, ∂χ∂C1
= 12 (λq)
2, (3)
with the focus spread
σfs =
√
C2c
(∆U
U
)2
+C2c
(
∆Ee
eU
)2
+σ2fs,residual (4)
with the total chromatic aberration coefficientCc, the high ten-
sion stability
(∆U
U
)
, the electron emission energy distribution
∆Ee, the elementary charge e, and the objective lens current
stability
(∆ I
I
)
. In our case, the residual focus spread σfs,residual,
stemming from lens instabilities, can be safely neglected.
The information limit is the point where the total dampen-
ing envelope function, i. e., the product of all contributing en-
velope functions, enters the noise level. The noise level is con-
ventionally assumed as e−2 of the total contrast. This conven-
tion is still meaningful today because the noise is dominated
by the Poisson noise of the imaging electrons themselves, and
thus, the noise level is mainly dependent on the total electron
dose in the image regardless of the detector. The optical infor-
mation limit due to the spatial and chromatic dampening we
determined to be 0.79 nm−1, corresponding to about 1.3 nm
resolving power.
Experimentally, we observed a significant reduction of im-
age resolution down to 3 nm with respect to this optical limit
(using a test frame for the sample stage), which we ascribe to
an additional image spread due to external magnetic fields.
To model the action of stray fields on the imaging process
in lateral direction, we employ the image spread description.22
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FIG. 8. Dampening envelope functions for the Dresden in-situ
(S)TEM special operated at 200 kV electron acceleration voltage.
green— partial coherence dampening envelopes, with spatial co-
herence (dotted) and temporal coherence (dashed) envelope func-
tion. The parameters used for these calculations are Cc = 184 mm,(
∆U
U
)
= 10−6, ∆Ee = 0.34 eV (equivalent to 0.8 eV FWHM), σα =
0.15 mrad, C3 = 46 mm and its corresponding Scherzer defocus.
blue— image spread dampening envelope function due to magnetic
stray fields with ζ = 60 mm and σB = 0.4 nT. gray— noise level.
Accordingly, the thereby introduced resolution decrease is de-
scribed by an envelope function in Fourier space
Eis(q) = e−
1
2 (
2pi
λ σis (λq))
2
(5)
with the image spread
σis =
eλ
2h
ζ 2σB, (6)
in position space with h denoting Planck’s constant, ζ the un-
shielded beam path, and σB the magnetic stray field variation
in lateral direction. Here, the factor 1/2 follows from back-
tracking the bent trajectories to the object plane (indicated by
blue lines in figure 7). We measured the magnetic field varia-
tion to be 15 nT and account for a dampening factor of 40 by
the shields,15 that is, we estimate a magnetic field variation of
about 0.4 nT at the optical axis. The working distance of the
TL11 lens is about 60 mm; this serves as a rough estimate of
the unshielded path length. With these values, we determine
an image spread of 0.43 nm.
Figure 8 shows the different dampening envelope functions.
As mentioned before, the optical information limit without
disturbances is about 1.3 nm. Due to the image spread we just
estimated, the image resolution would be reduced to 1.64 nm.
Our measurements with a test frame bearing the sample stage
result into a resolving power that is worse by a factor of ap-
proximately two. All in all, the estimate is a very rough one,
since the unshielded path length is probably shorter. Also, the
remaining magnetic yokes of the original objective lens might
lead to magnetic disturbances preferentially to the beam path.
Additionally, it might bend disturbances parallel to the optical
axis into the lateral plane. Finally, the further reduction of the
resolving power using the cryostat plug-in is most probably
due to the cryostat playing the role of an antenna.
IV. SETUP OF ADVANCED IMAGING MODES
In addition to the reconfiguration of the standard imaging
and diffraction modes, a dark-field mode, an off-axis holo-
graphic imaging mode, and different modes with varying ex-
citation of the original objective lens coils were created. In
the latter case, the excitation of the objective lens is employed
in order to generate a magnetic field in the specimen plane to
be used as external stimulus that is mainly oriented along the
optical axis.
A. Dark field imaging
For dark-field imaging or imaging with a contrast aperture,
the original setup can not be used since the objective lens’
back focal plane is shifted and the original objective aperture
is gone. Nevertheless, dark field imaging is possible by re-
assigning the function of the objective aperture to the origi-
nal selected-area-diffraction aperture. To that end the diffrac-
tion plane needs to be shifted to the selected-area (SA) plane,
which can be accomplished by adapting the various trans-
fer lenses of the Cs-corrector (see figure 2). Note that these
modes are not spherical aberration corrected, which is, how-
ever, not problematic because they are mainly employed in the
medium resolution regime. As an example, we show a setting
where the different diffraction orders of Au can be selected by
a 50 µm aperture in the SA plane (given in figure 9). There is
a multitude of corrector lens excitations facilitating the same
splitting of diffraction orders in the SA plane; in practice, ad-
ditional criteria such as a minimal ray pitch further narrow the
range of suitable setups.
B. Holographic Imaging Mode
In the off-axis holographic imaging mode an electrostatic
biprism is inserted in an intermediate image plane, where usu-
ally the selected-area-diffraction apertures are placed. This
image plane needs to be shifted slightly, so that the biprism is
located above or below the SA plane at a distance in the mil-
limeter range. Otherwise, the two holographic partial waves
are not overlapping in the image and can not interfere.25 Usu-
ally, the biprism is placed above the SA plane and a positive
voltageUF is applied. If it is placed below, a negative biprism
voltage is necessary for the partial waves to overlap.26
In order to enhance the contrast C =
(Imax+ Imin)(Imax− Imin)−1 of the interference fringes,
an elliptical illumination was created using the condenser
stigmators. The elliptical illumination increases the inter-
ference fringe contrast by an enhancement of the partial
spatial coherence between the interfering partial waves in the
direction of their overlap. Further information concerning
the elliptical illumination is given in.27 The effective size
of the illumination was optimised by a variation of the spot
size and of the excitation of the second condenser lens.
Employing these settings, we achieved hologram widths up
to 900 nm with fringe contrasts ranging from 10 % to 40 %.
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FIG. 9. Calculated path of rays for one possible darkfield imaging
mode employing the first transfer lens of the corrector and the final
adaptive lens only (the rest is grayed out therefore). The horizontal
axis is scaled such that the distance between the diffraction orders
(emerging under an angle of 3 mrad in the specimen plane) in the SA
plane is 50 µm.
That performance is comparable to other TEM instruments
working in Lorentz mode. Larger fields of view can be gen-
erated by changing the biprism–plane distance and thereby
compromising hologram resolution; hologram widths up to
5 µm have been tested.
C. Magnetic field at sample position
The removal of the objective lens from the optics and the
replacement of the corresponding microscope column section
was done in an economic way, that is, only such parts were
removed that blocked the space needed. In the special case of
the objective lens, the original coils are still in place. Exciting
these coils after the removal of the pole pieces is not advis-
able, as it still has imaging properties but these are affected by
strong (non-isoplanatic) aberrations due to the inappropriate
shape of the magnetic field. Nonetheless, they may be excited
in order to create a magnetic field in the specimen position as
an external stimulus. For example, such fields may be used
to stabilize a magnetic phase or to drive magnetic samples
through hysteresis loops within in-situ TEM experiments. To
account for this additional imaging element, the excitation of
the first transfer lens was reduced in order to maintain a fo-
cused image, while exciting the objective lens coils. Depend-
ing on the excitation degree of the objective lens coils, there
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FIG. 10. Temperature series of 2H-TaSe2 diffraction patterns, with
additional super-lattice reflexes, emerging at about 120 K and chang-
ing at about 90 K.
are strong distortions visible, indicating the large magnitude
of off-axial aberrations present in this mode.
The magnetic field, corresponding to the different excita-
tion levels of the original objective lens coils was determined
with the help of a teslameter, that was placed at approximately
the sample position. Five new alignnments were created for
the operation of the Dresden in-situ (S)TEM special with ex-
cited original objective lens’ coils. By raising the objective
lens’ coil excitation to the maximum value, two crossovers
could be observed, which implies that the objective lens still
acts similar to a k2 = 3 lens.2 Between those crossovers are
stable regions, where imaging is possible in spite of large non-
isoplanatic aberrations.
The resulting magnetic fields in the specimen plane paral-
lel to the optical axis for the five imaging modes with excited
objective lens’ coils are 108 mT, 123 mT, 134 mT, 160 mT,
and 204 mT. Due to the electronics of the microscope that are
used to excite the coils, the smallest magnetic field at sample
position practically achievable by this method is 65 mT, the
correspondingly largest magnetic field is 204 mT. If a lower
or higher magnetic field is needed, it may be adjusted by us-
ing an external power controller in combination with the coils
of the original objective lens or by a different magnetic field
generating installation.
V. TEMPERATURE CALIBRATION
As a first working test sample of the cryostat plug-in, we
used 2H-TaSe2 possessing a well-documented charge den-
sity wave phase transition. In the charge density wave state,
an either commensurate or incommensurate super-structure
emerges below about 90 K or 122 K, respectively.28 The wave
vector of the commensurate superstructure is given by q =
1
3q0, with q0 being the absolute value of the wave vector of
the basic hexagonal lattice of TaSe2. The wave vector of the
incommensurate super-structure is given by q = 13 (1−δ )q0,
with δ switching to 0.025, at 90 K and 122 K, respectively.29
Figure 10 shows a series of diffraction patterns taken at differ-
ent temperatures. At 130 K, we only observe the hexagonal
diffraction pattern typical for the projection along the c-axis of
TaSe2. The additional reflexes with the same modulus of the
9q vector are stemming from differently oriented grains of the
crystal due to a slight drift of the specimen during the acqui-
sition of the temperature series. The emerging charge density
wave in 2H-TaSe2 suggests that the temperature calibration of
the system is working properly, with an accuracy of at least
±2 K, even if a temperature gradient between the thermome-
ter and the specimen is taken into account. Because the tem-
perature setting time depends on the absolute temperature, on
the heat conductivity and heat capacity of the used TEM grid
and of the sample as well as its size and its position on the
grid, we waited several minutes before recording diffraction
patterns after changing the temperature. Additionally, there is
a possible temperature gradient due to electron beam heating,
which is largely dependent on the local sample structure and
illumination conditions as well as the absolute temperature.
VI. SUMMARY
We set up a (scanning) transmission electron microscope
with a large experimental space accessible from different di-
rections through several large standard ports with an inner di-
ameter of 63 mm, called Dresden in-situ (S)TEM special. The
resolving power of the microscope is about 3 nm, where the
limiting factor is an insufficient shielding from magnetic stray
fields. The optical information limit of this special setup with-
out external disturbances is estimated to 1.3 nm.
A first working experimental plug-in is a continuous-flow
lHe cryostat permitting precisely controllable sample temper-
atures in a range between 6.5 K and 400 K held for several
days. Additionally, the plug-in offers four cooled electrical
terminals and space for further additions like, e. g., mobile
probers. The cryostat plug-in is mechanical drift free and vi-
bration free but induces a further reduction of the system’s re-
solving power to 5 nm most likely due to channeling of mag-
netic stray fields.
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